This paper addresses a relatively simple method of measuring Young's modulus and residual stress in microelectromechanical systems (MEMS) type structures. A surface profilometer is used to measure the deflection of thin film fixed-fixed beams due to the force applied by the profilometer probe. These measurements are analyzed using analytical beam theory. The treatment of end effects and the accuracy of the measurement are discussed. Measurements and results are presented for PECVD grown silicon nitride films.
I. INTRODUCTION
The mechanical properties of the materials used in microelectromechanical systems (MEMS) fabrication is of fundamental importance. This knowledge is needed for the design of the devices and measurement of the properties are needed to check the consistency of materials during fabrication 1 . Since the material properties are sensitive to small changes in process, it is desirable to be able to determine material properties across a wafer and to determine wafer to wafer variation. A number of methods have been previously reported. Some of these require complex, expensive equipment and complex data analysis. Others are simple but not too reliable. A relatively simple and inexpensive method would be useful.
Surface profilers are found in most micro fabrication labs and it would be good to be able to use this existing equipment. There have been some previous reports describing the use of a surface profiler to measure the deflection of MEMS fixed-fixed beams and determine Young's modulus from this. Some reported methods rely on either simple (and incomplete) mathematical models or on finite element models of the MEMS beam as well as depending on a separate determination of the residual stress in the beam 2, 3 . The simple models omit tension due to stretching of the beam, but this is important in the fixed-fixed case. Zhang reports a detailed and complex analysis of the problem, using a combination of analytical and finite element computation to determine end effects, as well as using a nanoindenter instead of a surface profiler 4 . There is other published work which uses interfermetry to measure beam displacement and a complex numerical model to determine mechanical properties of MEMS structures 5 . This paper presents a middle ground using the analytical mathematical theory. The analysis of the mathematical model is extended so that both Young's modulus and the residual stress can be determined from surface profiler deflection measurement.
A mathematical model for the deflection of a fixed-fixed beam under the application of a force at an arbitrary position along the length of the beam will be presented in the first section of this paper. Then three methods of analyzing surface profiler measurements will be developed. Results will be shown for silicon nitride (SiN) films grown by PECVD. Finally, short comings of the method will be discussed. In particular, inaccuracies using the profiler probe and modeling the ends of the beams.
II. THEORY
Consider a rectangular beam, clamped on both ends with a force, W , applied a distance, Q, from the left end. It will deflect as shown in figure 1, (case 1) . From basic elasticity theory 6 , for the case where the deflections are small compared to the length of the beam, the deflection of the beam (in the section to the left of the point where the force is applied) must satisfy the differential equation,
y(x) is the displacement of the beam, a prime represents differentiation with respect to x, and the origin is chosen to be at the left end of the beam. E is the Young's modulus and I is the moment of inertia of the cross-section of the beam, I = wt 3 /12, where w is the width of the beam and t is its thickness. T is the axial internal force on the area of the beam due to tension. If the beam was under compression, the − sign in front of the T would be changed to a + sign. An applied force W generates shearing force W (L − Q)/L, which is constant in the left section of the beam. For the section of the beam to the right of the point where the force is applied the shearing force is
It is important to understand that the force due to tension is composed of two parts, One part, T r , is due to the residual stress in the thin film and is a constant. The other part, T s , is due to the stretching of the beam as it is deflected. While it is a constant as a function of x, its value depends on the final length of the deflected beam. The length of the deflected beam is found using the integration formula
For slight bending, the change in length is well approximated by,
Then the force of tension due to stretching is
Now the solution, y(x), of equation (1) must be found for the appropriate boundary conditions. The general solution for the left section of the beam is,
Substituting this back into equation (1) gives
The boundary conditions at the clamped end are y(0) = 0 and y (0) = 0 which give
The solution can now be written as
Continuity of the beam at the point where the force is applied will be used to find the last constant. Rather than directly work with the solution for the right side of the beam, consider the the beam with the force applied at a new point, a distance R from the left end of the beam, such that R = L − Q. This is case 2 in figure 1 . The equation describing the second case can be obtained by the substitution of Q → R = L − Q which gives
Continuity requires that y 1 (Q) = y 2 (R). Putting in the full expressions and rearranging the terms gives
(8) The slope will be continuous at the point on the beam where the force is applied, (unless the stiffness equals 0 as for a string). Since the two cases are reflections of each other, the slopes y 1 (Q) = −y 2 (R). This condition gives
.
(9) Equating the two above equations and solving for D 1 ,
(11) When Q = L/2 both of these reduce to
All the constants have been determined and equations (6) and (7) describe the complete solution. However, the tension is only implicitly defined. In order to find the numerical value of T the integral in equation (4) must be performed. This is a straight forward but lengthy calculation. The result is
III. DATA ANALYSIS
In order to calculate a deflection, first the implicit formula, equation (4), for the stretching tension, T s , must be solved and then the value for the deflection, equation (6) will always be Q. The calculations were done using a program called Calc 7 . The nonlinear (Marquardt-Levenberg) fitting routines in the data analysis and plotting software available in our lab are not able to solve an implicit equation. The output from Calc was plotted with the data and the fit judged by eye or by calculating the root mean square deviation between the calculation and the data. A program could be written to automate this process. Three methods of measuring and fitting the data to the model were used and are described in the next three subsections.
Two surface profilers were used. One was a Dektak 3 which had a constant probe force 8 . This was measured to be 24 ± 2 mg, using a simple wire spring force gauge. The uncertainty was estimated by performing repeated measurements. It was not clear whether the uncertainty was due to the gauge or variability in the actual landing force of the probe. The other instrument was a Dektak 3ST, which has a computer adjustable force setting between 0 and 50 mg. This force setting was calibrated at the factory. The factory representative could not give an accuracy for the setting. It should be noted that the Dektak was designed to give accurate height measurements and not use a particularly accurate force. Deflections measured by the two Dektaks using a force of 24 mg agreed within errors.
The thin film beams tested here were made of silicon nitride grown using plasma enhanced chemical vapor deposition. The silicon nitride was deposited on a 2 µm thick polyimide layer on silicon substrates. Then the silicon nitride was etched into the beam shapes and the polyimide was etched out from under the beams. This is similar to the method used to fabricate MEMS RF switches 9, 10 . An example of some of the fabricated beams is shown in figure 2. Data reported in this paper will be from two silicon nitride samples. One is a 1.6 µm thick film with a silicon rich composition. The other is a 2 µm thick film with close to stoichiometric composition.
A. Scans along the length of a beam
One method of data collection is to run the Dektak trace along the length of a beam. Figure 3 is an image from the Dektak camera at the beginning of such a scan. The view provided by the instrument is not highly magnified and it is difficult to set the probe run precisely along the center of the beam. If the probe is not centered on the beam, the beam will twist to some degree resulting in the measured deflection being too large.
A plot of a Dektak scan is shown superimposed on a micrograph of the beam in figure 4 . The lightest colored regions of the micrograph are where the polyimide has been etched from under the silicon nitride. The beam is suspended above the substrate, but supporting silicon nitride at the ends of the beam is also undercut some distance. This is due to the fabrication method and cannot be avoided. This means that the anchors at the ends of the beam are not rigidly clamped as was assumed in the preceding theory. This end effect must be dealt with in order to fit the theory to the data. There are a number of possible approaches. 1) The analytical theory above could be redone adding two more sections to the beam modeling the moving supports. 2) An approach similar to that used by Zhang et al 4 where the end supports were modeled with finite element numerical methods.
3) The method used here is to simply choose an effective length, L e f f , for the beam. This assumes that the moving part of the support has the same E and I as the beam. It is clear that since the support is wider than the beam, it will be stiffer than the beam, and should have a larger value for I. The error caused by this assumption will be small if the beam is much longer than the amount of undercut of the support.
A good fit of the model to the data is shown in figure 4 using L e f f = 101 µm. As can be seen, this length corresponds to the distance between the tips of the underlying polyimide that is supporting the beam. It seems that the L e f f approximation is reasonable. It is surprising that the model fits the data near the ends of the deflection, since the supporting silicon nitride should be stiffer than the patterned beam. In fact, other thin film samples that were tested did not fit well at the ends of the deflection. The good fit for this particular sample is likely due to it having a relatively small Young's modulus and so the the stiffness is relatively less important than the tension. Regardless of the quality of the fit to the model, the effective length of the data was always the same as the distance between the tips of the polyimide. This distance will be used as L e f f .
The issue of determining Young's modulus and the residual stress from from a lengthwise scan will now be discussed. Scan data and fits to the model for a 55 µm beam are plotted in figure 5 . Good fits are achieved for E = 140 GPa and T r = 0 N as well as for E = 80 GPa and T r = 0.0031 N. From this data alone, a unique E, T r pair cannot be determined. As mentioned above, the length scan data is not reliable, but even if it was reliable it is not suitable for the determination of both E and T r . 
B. Scans across the beam as a function of force
Another method of collecting data is to scan the profiler across the center of a beam. The height measured is the height of the beam above the substrate with the force of the probe acting on the beam. Figure 6 is an image of the probe during a widthwise scan. It is possible to align the probe to be within about 5 µm of the center of the beam. As can be seen in the deflection curves in figures 4 and 5, the bottom of the curve is relatively flat and a 5 µm offset would not yield too large of an error. Examples of the Dektak data are shown in figure 7 . As the probe climbs up onto the beam, the beam will twist. The beam will level off as the probe passes the center and it will twist the other way as the probe runs off the beam. Thus the height at the center of the scan is the wanted value. In order to determine the value of the beam deflection this height must be subtracted from the undeflected beam height. The undeflected beam height is found by measuring height of the beam supports. In other words, it equals the sum of the polyimide thickness plus the silicon nitride thickness.
Using the Dektak 3ST deflections of a single beam can be measured for a range of force values. Data for three beams is plotted in figure 8 . Fits to the actual data extrapolated to a force value of 12.8 µN (1.3 mg) for zero deflection. This was interpreted as a zero offset in the force calibration of the Dektak. This value was subtracted from the force data before plotting in figure 8 . The data for the 180 µm beam can be fit with E = 1.0 × 10 11 Pa and T r = 4.6 × 10 −3 N with a root mean square fitting error of 7 nm. This choice of parameters also fits the data for 105 and 80 µm long beams. Now if E is set equal to 1.2 × 10 11 Pa and T r is varied to give the best fit, then T r = 4.3 × 10 −3 N with a fitting error of 12 nm. The second pair of parameters gives a worse fit and, as can be seen on the graph, they result in slightly greater curvature in the calculated line (dashed). This slight change in curvature is the basis for being able to find unique values for E and T r . This requires good data with very little scatter.
C. Scans across the beam as a function of beam length
Data for the deflection of the center of the beams can be analyzed in another way. That is as a function of beam length for a constant force. Figure 9 plots the data against effective beam length. The curves are nonlinear for short effective lengths and tend towards straight lines for large effective lengths. The effects of varying the two fitting parameters are such that it is easy to find unique values for each. Changing T r mainly affects the slope of the "linear" part of the curve. While changing E mainly causes a shift along the x-axis of the "linear" part of the curve. There is still some uncertainty in choosing the best values for E and T r , but this is due to errors in the data. Errors in the Dektak data will be discussed in the next section.
There are two model curves plotted for the data with a 15 mg force setting. The (dashed) curve with E = 90 GPa and T r = 4.65 mN is the best fit (root mean square fitting error = 5.4 nm). The model curve with E = 110 GPa and T r = 4.5 mN (root mean square fitting error = 9.0 nm) has a slightly higher slope due to the smaller value of T r . When fitting this curve E was adjusted to match the large L data so, with the larger slope, it runs through the bottoms of the small L data points. The difference in these two fits represents the uncertainty in the fitting process, giving worst case uncertainties of ∆E = ±20 GPa and ∆T r = ±0.15 mN. The first pair clearly gives a better fit. A reasonable fitting uncertainty, where it is difficult to judge whether a small change in E or T r improves the fit, would be about half of the differences between the above best and worst case fits (ie. ∆E = ±10 and ∆T r = ±0.08).
The best fits for this sample give E = 90 GPa ±10% and T r = 4.6 × 10 −3 N ±2% where these are the uncertainties due to the fitting quality. The accuracy is also limited by the 10% uncertainty in the force calibration. The residual tension, which has units of force, can be converted to stress by dividing by the cross-sectional area of the beam. The gives a residual stress of σ r = 4.6×10 −3 /(1.9×10 −5 )(1.6×10 −6 ) = 151 MPa.
D. Results for a second silicon nitride sample
A 2 µm thick silicon nitride film with approximately stoichiometric composition was also measured. The results for scans across the beams measured with the Dektak 3ST, and analyzed as a function of length are shown in figure 10 . The data for 10 and 15 mg force settings have two fitted curves which represent the range of possible fits. The best values of E and T r for these is an average of the two fits. The average over the five data sets is E = (184 ± 10) GPa and T r = (4.03 ± 0.24) mN. The uncertainties are the root mean square deviation of the five values. Using these values for the fitting errors assumes that the Dektak measurement errors are random.
Repeated measurements were done to test the source of errors using the Dektak 3 (with the fixed force setting). The sample was fabricated with four copies of the beam sets. The original idea was to be able to measure Young's modulus and the stress in different areas of the substrate to investigate the uniformity of the deposition. Figure 11 shows the results three sets of measurements, done on different days, on one set of beams (labeled Set A). It also includes single sets of measurements on two other sets of beams (on the same substrate). A best fit of the model to the data plus "minimum" and "maximum" possible fits are shown. The variation in the data shows no pattern with respect to the day of the measurement or the beam set. It would seem that the variations are due to the Dektak measurement itself. The variations in the deflection measurements at each length are on the order of 100 nm. When a solid structure of similar height was measured repeatably with the Dektak, variations of about 10 nm were obtained. The variations in the measurements of the beam deflections were not, then, due directly to the height measurements. Two other possible reasons could be variations in the force applied by the Dektak probe or some inconsistency in the actual movement of the beams. We had no independent method to measure the force on the probe so this possibility was not tested. Inconsistent motion of a beam might occur due to curling, inhomogeneities, or defects. Examination using an SEM before and after Dektak scans did not reveal damage or any change in the beams. It seems that variations in the Dektak probe force is the most likely source of the deflection measurement random errors.
The results from figure 11 are E = (170 ± 30) GPa and T r = (4.6 ± 1.3) mN. The errors are from the maximum and minimum fits. A statistical analysis of the fit would give smaller error values (roughly half of these values) and would be approapriate if one was using this measurement to compare two samples rather than finding an absolute measurement of E and T r .
The values for E and T r determined using the two Dektaks agree within the 10% force calibration uncertainty. The determination using the Dektak 3ST looks more precise because results from five different force settings were averaged. However, individual measurement fluctuations were similar for the two Dektaks. Knowing the cross-sectional area of the beams (3.8 × 10 −11 m 2 ± 10%) the tensile stress can be calcilated to be σ = (113 ± 30) MPa. This agrees within errors with the stress of a similar film that as determined by a wafer curvature measurement to be (130 ± 20) MPa.
IV. DISCUSSION
Three methods of analysing deflecton data for fixed-fixed beams have been presented. The goal is to have a relatively easy and inexpensive determination of both Young's modulus and the residual stress. The first two methods rely on fitting small changes in the shape of the plotted curve to obtain values for both E and T r . To do this one needs better data than the Dektak measurements.
One possible method to obtain a separate value for E would be to measure the deflection of a cantilever. Since the cantilever is fixed at only one end, the residual stress will be zero and the bending motion will not involve any stretching of the beam. In principle, data could be analysed in terms of simple bending theory. There are two experimental difficulties. Since there is no stretching, a much smaller force is needed to deflect a cantilever compared to a fixed-fixed beam. The range of useful forces is smaller than the forces available with the Dektak. With the films used here a 10 µm long cantilever will be bent down to touch the substrate. The other problem is due to the undercut of the beam support during microfabrication. The support will move during cantilever deflection and this "end effect" will be important for beams that are not long compared to the undercut. The analysis of this situation would be complex, likely involving numerical modeling of a three dimensional problem.
In the third method, the deflection is plotted as a function of the length of the beams. In this case, varying E or T r have quite distinct effects on the theoretical curve. This allows a fairly independent determination of E and T r from the data.
Is the level of acuracy obtained in this measurement useful for PECVD films? In general, the properties of PECVD films are very sensitive to changes in the depostion conditions. The residual stress in PECVD SiN films can typically range from 400 MPa compressive to 140 MPa tensile and the Young's modulus from 85 to 210 GPa 11 . The advantage is that it is possible to tune the film properties for a specific application. The problem is that it is difficult to maintain constant film properties from run to run. Typically, the repeatibility of E and T r for SiN films is similar to the accuracy of the measurements reported in this paper. However the fitting precision is better than the accuracy and this measurement would be useful to check for drifting properties of PECVD films. On the other hand, the range of possible E and T r values is very large and the accuracy of the measurements described here would be useful in developing a growth process to obtain specific film properties.
